ABSTRACT: Using algae to treat industrial effluents containing heavy metals presents an alternative to the current practice of using other biosorbents and physical and chemical methods. In this study, effluent from a leather-processing chemical industry in Ranipet, Tamil Nadu, India, was treated for the removal of heavy metals using the microalga, Chlorella vulgaris, which was isolated from the effluent itself. The objectives of this study were to (1) assess the mass balance of a model parameter, lead, in laboratory conditions and estimate the lead adsorption capabilities of the microalga and (2) conduct pilot-scale studies for the removal of heavy metals, using the microalga, from the effluent and the solid waste accumulated over the years generated by conventional treatment methods. The results of the study show that after 8 hours, Chlorella vulgaris exhibited a better adsorption capacity under sunlight compared to laboratory conditions (i.e., 30.6 mg/g dry weight vs 10.5 mg/g dry weight, respectively). Similarly, reduction of heavy metals and mass balance in pilot-scale field studies conducted in a high-rate algal pond showed that the microalga, apart from adsorption, complexation, and entrapment mechanisms, is likely to possess phycovolatilization capability probably via biotransformation processes. Water Environ. Res., 83, 291 (2011).
Introduction
Numerous attempts have been made to treat wastewater containing low concentrations of toxic metals using conventional technologies. These include ion exchange, reverse osmosis, dialysis and electro-dialysis, membrane separation, activated carbon adsorption, and chemical reduction or oxidation. In addition, the parametric pumping with variation of pH, filtration using reverse osmosis, nano-filtration, and ultra-filtration are enhanced with complexation (Neyens et al., 2001 ). However, these methods have shown varying performances resulting in often insufficient removal of traces of metal ions, the need for excessive amounts of chemicals, and/or high operating costs. Thus, new, efficient, low-cost processes for removal of heavy metals are needed (Han et al., 2006; Karthikeyan et al., 2006) .
In the era of global warming, climate change, and carbon credits, there is serious concern about increasing carbon dioxide levels in addition to the voluminous task of treating pollutantcontaining wastes. Algae considered as green-cell factories are not only good scavengers of toxic chemicals, but also involve in carbon dioxide sequestration. Moreover, the use of algae is considered to be both ecocentric and econocentric. Kratochvil and Volesky (2000) studied the applications of potentially lowcost adsorbents, including algal biomass for heavy metal removal. Studies have shown that algal biomass possesses high metal-binding capacities due to the presence of polysaccharides, proteins, or lipids on the cell wall surface, thereby providing functional groups such as amino, hydroxyl, carboxyl, and sulphate, which can act as binding sites for metals (Holan and Volesky, 1994; Ramelow et al., 1992) . The cell wall matrix of green microalgae, in particular, contains large quantities of complex heteropolysaccharides and proteins (constituting about 10 to 70% of the green algal cell wall) (Schiewer and Wong, 2000) , which can also provide the aforementioned functional groups (Andrade and Rollemberg, 2005) . The biosorption of heavy metals from aqueous solutions involves four major steps: (1) entrapment by cellular components, (2) active transport across the cell membrane, (3) cation exchange or complexation, and (4) adsorption (Harris and Ramelow, 1990) . The first two mechanisms are associated with living cells, and the latter two can only occur with the dead cells. In addition, the increase in pH associated with microalgal growth can enhance heavy metal precipitation (Chojnacka et al., 2005; Yu and Wang, 2004) .
Microalgae also possess molecular mechanisms that allow them to discriminate non-essential heavy metals from the essential ones needed for their growth. Various detoxification processes are executed by algae (e.g., by involving the peptides, metallothioneins, especially the post-transcriptionally synthesized class III metallothioneins or phytochelatins). Thus, these features render microalgae suitable for treating wastewaters that are heavily polluted with metals (Perales-Vela et al., 2006) . Using microalgae in continuous treatment processes would be advantageous because most industries are in dire need for implementing cost-effective continuous treatment processes. Such treatment has proven successful in the bioremediation of effluents containing low Cr(VI) concentrations as shown in a previous study by Jácome-Pilco et al. (2009) .
In the present study, the green microalga, Chlorella vulgaris, was used to remove heavy metals from the effluent of a leatherprocessing chemical industry (a multi-national company), located in Ranipet, Tamil Nadu, India. The industry is one of the world's leading suppliers of leather-processing products and also has a strong market niche in many proprietary products. Some of the products from the industry include polyurethane and acrylic resins, lacquers and lacquer emulsions, pigment dispersions, protein binders, wax emulsions and fillers, shoe finishes, and dye formulations. The average total effluent generated per day by the factory amounts to approximately 25 to 30 kL and the effluent contains heavy metals, namely lead, chromium, cadmium, copper, zinc, and nickel. An already-existing effluent treatment plant (ETP) functioning inside the factory premises converts the pollutants into solid waste by polyelectrolyte precipitation and pressure filtration. However, as a result of this treatment, tons of ETP solid waste separated from the effluent have been accumulated over the years. The industry, therefore, has the problem of heavy metals in their effluent and in the accumulated ETP solid. Therefore, the authors designed the study to (1) assess the mass balance of a model parameter, lead, in laboratory conditions and estimate the lead adsorption capabilities of the microalga and (2) conduct pilot-scale studies for the removal of heavy metals from the effluent and from the ETP solid waste using C. vulgaris.
Methodology
Isolation and Culturing of Microalgae. Chlorella vulgaris Beij. was isolated from the effluent using serial dilution, standard plating, colony isolation, and culture techniques. The monograph of Philipose (1967) was used for the identification of the microalga. An axenic culture of C. vulgaris was maintained in Bold's basal medium (BBM) (Nichols and Bold, 1965) at 24 6 1 uC in a thermostatically controlled environmental chamber illuminated with cool white fluorescent lamps (Philips 40 W, cool daylight, 6500 K) at an intensity of 2000 lux in a 12/12-hour light/ dark cycle. For outdoor cultivation of the microalga, improvised medium from the Central Food Technological Research Institute (CFTRI medium), Mysore, India, with slight modifications was used (Venkataraman and Becker, 1985) .
Growth experiments on C. vulgaris with Varying Concentrations of Lead and Ethylenediaminetetraacetic Acid. Various concentrations of lead (as lead nitrate) (1, 10, 20, 30, 40, 50, 100, 150 , and 200 mg/L) were added to BBM in separate flasks and sterilized. Chlorella vulgaris was inoculated to all the flasks and incubated for 10 days. Next, the growth rate of C. vulgaris was studied with different lead concentrations in the presence of ethylenediaminetetraacetic acid (EDTA). The same procedure was followed except that 200 mg/L of EDTA was added to the samples before inoculating the microalga. A concentration of 200 mg/L of EDTA was considered optimum because of the lethal effects exhibited in higher concentrations (Maciasr and Eppley, 1963) . In both experiments, growth rates based on the initial and final cell populations were calculated.
Mass Balance and Heavy Metal Uptake-A Laboratory Study. Measuring mass balance for a treatment process confirms reactions and enhances stoichiometry knowledge. As remediation reactions are stoichiometrically defined, mass balance study may help identify a problem of getting adequate amendment distribution. In this study, the mass balance of lead as a model parameter was assessed and the adsorption capability of C. vulgaris was analyzed. The experiment was conducted using specially designed and fabricated glass equipment (Figure 1 ), which consisted of a container (2-L Erlenmeyer flask) with a sealed inner chamber equipped with an air inlet and a vapor outlet. Airflow was created with the help of a tiny air compressor. The flask was coupled with two sets of glass columns with similar inlet and outlet arrangements. The glass columns were fabricated to a length of 250 mm and the mouth of the columns measured 50 mm. The narrow tubes, which bubble the air through the contents of the flask and the columns, had a diameter of 5 mm. The air was bubbled through the flask containing the culture, then through the first column containing 5% analytical grade nitric acid, and finally through the second column containing all quartz double-distilled water. The flask was designed to entrap volatile matter produced, if any, during the course of the experiment and to retain it in the columns.
A known quantity of C. vulgaris was added to BBM containing 100 mg/L concentration of lead (as lead nitrate). To that, 200 mg/ L of EDTA, standardized by the authors (data not shown), was added and incubated in the culture conditions mentioned earlier in this paper. Lead concentrations were analyzed after 5 minutes, 8 hours, and 24 hours. Dissolved lead in the filtrate was analyzed using a PerkinElmer Optima TM 5300 DV inductively coupled plasma optical emission spectrometer (ICP-OES) (PerkinElmer Inc., Waltham, Massachusetts) and the cellular lead concentration was determined after sonication and digestion of cells with 5% nitric acid. Similarly, the volatile matter generated, if any, was tested for the presence of lead by analyzing the acid and water samples of the respective columns. The same set of experiment was also carried out in the sunlight to observe the effect of light on metal uptake capacity. The entire apparatus was kept in sunlight for 8 hours and the initial and final concentrations were determined. The apparatus was kept in a water bath to prevent the increase in culture temperature. An average light intensity of 49 100 lux (range of 25 000 to 70 000 lux) was recorded. The amount of lead uptake by C. vulgaris was determined using the following mass balance equation (Deng et al., 2007) : Design of the Pilot-Scale High-Rate Algal Pond with Air-Lift System. The concept of the high-rate algal pond (HRAP) was developed by Oswald et al. (1957) in the mid 1950s, and is in place in various countries around the world. In this study, a similar but smaller pond was constructed inside the factory premises with a wall thickness of 0.12 m. The inner dimensions of the pond were such that the length was 3.65 m and the width was 1.80 m. The depth of the pond was kept at 0.44 m to allow sufficient light penetration for the growth of algae. A partition wall was constructed in the middle of the pond at a length of 2.46 m and a width of 0.12 m. The floor was constructed with a slight slope on either side of the partition in the opposite direction. The sloped floor aids in cleaning of the tank and also for scooping the algal biomass during harvesting. The inside of the pond wall was lined with white tiles to avoid seepage of the medium into the wall and for better visual observation of algal growth. The lining of white tiles also aids in sunlight reflection, thereby providing more light for microalgal growth. The tank was provided with a tap water connection for preparation of the medium, and two outlets were provided to enable cleaning the tank. To provide better aeration, faster growth and homogeneous mixing of nutrients, and to avoid mutual shading of cells, a blower was fixed instead of wheel paddles or baffles. Another important effect achieved by adequate mixing of the culture is fast movement of the algal cells from the illuminated upper zone of the pond to the lower, dark one and back again to the surface, resulting in a dynamic light-dark pattern for the individual algal cell. An air-lift pump was installed at the head-end of the HRAP. Air was supplied to the air-lift pumps through air intakes by regenerative air blowers. Air was sparged below the pond surface to move the liquid through suitably arranged inlets made of polyvinylchloride pipes connected to the blower. An air blower was switched on for a span of 1 hour three times a day.
Field Trials with the Effluent Using C. vulgaris. Chlorella vulgaris was grown in 1 kL of improvised CFTRI medium in the pilot pond and allowed to reach the exponential phase. Two hundred liters of the effluent was added to it and, prior to its addition, the same quantity of the culture was pumped out so that the final volume remained unchanged. The microalga was allowed to grow for 5 days. The photographs of field trials are shown in Figure 2 . Heavy metal concentrations of the effluent were analyzed using ICP-OES for the following metals: copper, zinc, chromium, nickel, cadmium, and lead. Another set of field experiments was also carried out after the addition of EDTA to the effluent.
Field Trials with Effluent Treatment Plant Solid Using C. vulgaris. Chlorella vulgaris was allowed to grow in 1 kL of improvised CFTRI medium. In the logarithmic-phase culture, 1% of ETP solid along with EDTA was mixed to give a homogeneous suspension. After 5 days, the heavy metals were analyzed and before-and after-treatment values were compared.
Statistical Analysis. All data are expressed as mean 6 standard deviation. The one-tailed paired Student's t-test was used to determine statistical significance between the untreated and treated parameters at P , 0.05. All analyses were carried out in triplicate.
Results and Discussion
Laboratory Studies. Effect of Lead on the Growth of C. vulgaris. The division rates of C. vulgaris decreased with the increase in lead concentrations. There was a steady decrease in cell numbers up to 100 mg/L concentrations of lead, whereas at 150 and 200 mg/L, the cells became pale and unhealthy as confirmed by microscopical examination. Therefore, the quantification of cells was not appropriate at higher concentrations. However, 100 mg/L of lead reduced the growth rate of C. vulgaris only by about 11.7%, and the cells remained healthy throughout the incubation period.
Role of Ethylenediaminetetraacetic Acid in Altering the BioAvailability of Lead. The pattern of decrease in growth rates of C. vulgaris was similar to that of the previous experiment involving only lead, but the actual growth rate is lower in the presence of EDTA than in its absence ( Figure 3) . As a chelating and solubilizing agent, EDTA increases the bio-availability of heavy metal ions (i.e., increasing the bio-availability resulted in the increased exposure of the cells to lead and, hence, lower growth rates). For example, a 100-mg/L concentration of lead with EDTA showed 32% growth reduction and the sample with the same concentration of lead without EDTA showed 26% reduction.
Adsorption Kinetics and Mass Balance of Lead Using C. vulgaris. Lead uptake by C. vulgaris was expressed as adsorption at equilibrium and the uptake at different time intervals and light conditions was calculated. Metal adsorption was 5.04 mg/ g, dry weight, after 5 minutes, 10.52 mg/g, dry weight, after 8 hours, and 13.12 mg/g, dry weight, after 24 hours, which is shown in Figure 4 . Nearly 50% of adsorption was within the first few minutes; however, when the studies were carried out in sunlight, the results were different. In sunlight, the adsorption of lead after 8 hours was 30.62 mg/g, dry weight. Although there is more than one heavy metal present in the effluent, no bimetal or multimetal uptake was studied because the interference of other metal ions during adsorption might not project the real adsorption capacities of the organism. Moreover, the real problem for the industry is the presence of lead in their effluent and in the ETP solid (in more concentrated form) (i.e., lead is the most hazardous among other metals and chemicals present in the effluent). Because lead salts are used frequently in the manufacturing process, the lead levels vary in effluents of different batches. The adsorption capacity of C. vulgaris compared to that of other adsorbents reported in the literature is tabulated (Table 1) . The value obtained in this study represents C. vulgaris as one of the better adsorbents. With regard to the mass balance study, estimations showed the absence of volatile metals (i.e., acid and water samples in the respective columns were analyzed for lead and both exhibited the absence of lead). These processes involving heavy metal uptake are energy-dependent and sensitive to different parameters (e.g., temperature, light, etc.). Thus, these results indicate that the adsorption capacity was very high in the microalga.
Field Studies. Heavy Metal Reduction in Effluent Using C. vulgaris. The results of this experiment are tabulated in Table 2 , i.e. after the treatment process, copper, zinc, and nickel showed drastic reduction levels. In this experiment, chromium was reduced to below detectable limits (BDL) from an initial concentration of 0.29 mg/L, whereas cadmium and lead showed no change in their levels.
Heavy Metal Reduction in Effluent (with Addition of Ethylenediaminetetraacetic Acid). In the previous experiment, no reduction in lead and cadmium levels was observed. This was because the algal system was not able to uptake them as the heavy metals were present in insoluble form. Hence, EDTA (5 mg/L) was added to the effluent/culture mixture to chelate the metal ions (Monika and Alain, 2000) and to increase their bio-availability. This is also supported by the study by Bonfranceschi et al. (2009) , in which EDTA added as a complexing agent was able to maintain metallic ions, such as Cd (II), in soluble form during the experiments.
In this experiment, the initial and final heavy metal concentrations were analyzed in both supernatant and sediment (biomass) ( Table 3) . During the microalgal treatment, as far as the supernatant part is concerned, copper, zinc, nickel, and chromium showed similar patterns in reduction levels as in the previous experiment. With the exception of zinc, all other metals after treatment were BDL. In the case of cadmium, the reduction was from 0.02 to 0.01 mg/L and lead was reduced from 0.094 to 0.062 mg/L. Regarding the sediment, all the metals showed good reductions, with zinc exhibiting the maximum decrease of about 43%.
Heavy Metal Reduction in Effluent Treatment Plant Solid (with Addition of Ethylenediaminetetraacetic Acid). The initial and final heavy metal concentrations were analyzed in both supernatant and sediment; these are tabulated in Table 4 . Upon treatment, supernatant analysis showed that all metals except zinc and cadmium were reduced to BDL. The reduction of zinc was from 1.89 to 0.13 mg/L and cadmium was reduced from 0.019 to 0.0014 mg/L. With respect to sediment analysis, final concentrations of all the metals showed a very good decrease, with zinc and nickel exhibiting maximum reductions of about 63% and 81%, respectively.
Reductions in lead and cadmium levels, which were not observed in previous experiments (i.e., without addition of EDTA), were due to the presence of EDTA. The chelating agent, according to Bonfranceschi et al. (2009) , was able to maintain the heavy metals in their ionic forms, which, in turn, might have resulted in enhanced uptake by the microalga.
Is Phycovolatilization a Reason for the Reduction of Heavy Metals in Field Conditions? The experiments conducted in this study clearly showed that there was a significant reduction in the concentrations of heavy metals (i.e., mass balance in outdoor conditions conclusively showed that the reduction was significant even after the concentrations of supernatant and biomass put together both before and after treatment using C. vulgaris). The possibility of reduction of heavy metals through seepage of the effluent/culture mixture was ruled out because the tiles used were seepage-proof. To double check the results, repeated control studies (i.e., without microalgal culture) were carried out (i.e., before carrying out the field studies, the effluent was repeatedly stored in the pond and nil seepage was noticed). Thus, the authors hypothesize that the heavy metal reduction during treatment with C. vulgaris could be due to volatilization caused by one of the various phenomena, including biotransformation. As such, the authors coined the term phycovolatilization, defined as volatilization by algae, for this hypothetical phenomenon, and prefer its use instead of phytovolatilization to differentiate from the latter mechanism taking place in higher plants. However, no volatilization was observed in laboratory conditions. This difference can be attributed to the uncontrolled conditions and various extraneous factors, such as temperature, light, wind, interaction of other microbes, and so on, prevailing over the field conditions. However, trapping the volatile substances and balancing the stoichiometry in outdoor conditions are indeed cumbersome. After surveying the literature, reports on the volatilization of heavy metals are found to be very few and controversial. Ross (1990) states that the correct assessment of global mass balance of some trace metals and metalloids must take into account natural emissions and their atmospheric transfer. Formation of volatile metal species takes place via various inorganic or biogenic routes (methylation, transalkylation, etc.), but has been seldom reported due to a lack of instrumentation capabilities. Some elements have been reported to have atmospheric inputs via various natural biogeochemical cycles. Tin volatilization has been suggested to occur either via chemical or biological methylation processes. Natural emission of lead and arsenic is still controversial (Reamer and Zoller, 1980) . For selenium (Se), budget calculations have suggested that the oceans could be a source to the atmosphere similar to that of sulphur (Chau et al., 1976) .
Microbial formation and transformation of organometallic and organometalloid compounds comprise significant components of biogeochemical cycles for the metals mercury, lead, and tin and the metalloids arsenic, selenium, tellurium, and germanium. Methylated derivatives of such elements can arise as a result of chemical and biological mechanisms, frequently resulting in altered volatility, solubility, toxicity, and mobility. The significant microbial methylating agents are methylcobalamin (CH 3 CoB 12 ), involved in the methylation of mercury, tin, and lead, and Sadenosylmethionine (SAM), involved in the methylation of arsenic and selenium. Evidence of the methylation of other toxic metal(loid)s is sparse. Biomethylation may result in metal(loid) detoxification as methylated derivatives may be excreted readily from cells, are often volatile, and may be less toxic (e.g., organoarsenicals) (Gadd, 1993) . In a recent study by Deng et al. (2009) , C. vulgaris could significantly accelerate the photoreduction of Hg(II). The mechanism of photoreduction of Hg(II) in the presence of algae had many important photochemical and/or photobiological processes that were involved in algae-enhancing reduction of Hg(II), including the enzymatic reduction at the algae cell surface, reduction by free electrons, and dissolved organic matter produced via the photolysis of algae under irradiation. Thus, these reports support the results obtained in the pilot-scale experiments carried out in this study. Further studies are warranted for developing instrumentation capabilities and for accurately determining mass balance of heavy metal reduction using microalgae under field conditions, which are influenced by uncontrolled extraneous factors.
Conclusions
The following conclusions can be drawn from this study: 
